D
rug-eluting stents (DES) have dramatically reduced the rates of in-stent restenosis (ISR) and subsequent target lesion revascularization (TLR) compared with bare-metal stents. 1, 2 However, widespread use of first-generation DES has drawn attention to several unresolved, clinically relevant issues. Particular concerns have been raised about the risks of DES, especially stent thrombosis (ST). 3, 4 Stent fracture (SF) after DES implantation has become an important concern because of its potential association with ISR, TLR, and ST. 5 The incidence of SF in a clinical setting has been reported to be 0.84% to 8.4% in first-generation DES. 6, 7 In particular, sirolimus-eluting stent (SES) is more likely to cause SF due to the closed-cell design and being made of stainless steel with low flexibility and conformability. 8 The cobalt chromium everolimus-eluting stent (CoCr-EES) is a second-generation DES and features a thin-strut, flexible, cobalt-chromium platform. 9 We previously reported SF after CoCr-EES implantation occurs in 2.9% of lesions, and it is associated with higher rate of major adverse cardiac events (MACE), driven by higher TLR and ST. 10 Therefore, SF remains an unresolved, clinically relevant issue, even in the newergeneration DES era. The Nobori Biolimus-eluting stent (BES) (Terumo, Tokyo, Japan) is a newer-generation DES that consists of stainless steel platform with relatively thick strut (120 lm) using an albuminally coated biodegradable polymer (polylactic acid) eluting biolimus A9, a highly lipophilic analogue of sirolimus. Recent pivotal clinical trials showed that clinical outcome after biodegradable polymer BES implantation was noninferior to that after biocompatible durable polymer EES. 11, 12 Furthermore, the NOBORI 2 study demonstrated the good and sustained clinical performance of Nobori BES in high-risk patients with significant comorbidities and complex lesions. 13 However, the incidence and clinical impact of SF after the Nobori BES implantation in clinical practice remain unclear. The aim of the present study was to assess the incidence and clinical impact of SF after the Nobori BES implantation.
Methods Patient Population and Procedural Protocol
From May 2011 to June 2012, 1691 consecutive patients with 2313 lesions underwent successful stent implantation, and 1270 patients with 1702 lesions were treated with only BES (Nobori) at Kokura Memorial Hospital. Of these, 1026 (80.7%) patients with 1407 lesions who underwent follow-up angiography 6 to 9 months after the initial procedure, regardless of clinical symptoms, or before 6 months for recurrent symptoms, were enrolled in this study ( Figure 1 ). All interventions were performed using standard techniques. Predilatation, postdilatation, and use of intravascular ultrasound (IVUS) were left to the operator's discretion. After the procedure, all patients were advised to continue on aspirin (81 to 162 mg daily) for life unless there were contraindications. Either ticlopidine (200 mg daily) or clopidogrel (75 mg daily) was also prescribed for at least 1 year after stent implantation. All the study patients gave written informed consent for the procedure and the follow-up protocol, which was approved by the institutional review board of Kokura Memorial Hospital.
Quantitative Angiographic Analysis
Coronary angiography was performed after the intracoronary administration of 0.2 mg nitroglycerin. Quantitative coronary angiographic analysis was performed before and after stenting and during the follow-up angiography, using a guiding catheter to calibrate the magnification and a validated automated edge detection algorithm (CASS 5.7, Pie Medical Imaging). The analyses were performed independently by 2 experienced observers (Miho Hasegawa and Shinobu Matsumoto of the Angiographic Core Laboratory, Kokura Memorial Hospital) blinded to the clinical information. The target lesion for measurement of the minimal luminal diameter included 5-mm margins proximal and distal to the stent as well as the stent itself. ISR was defined as a percent diameter stenosis of >50% within the stent at the time of follow-up. In-segment restenosis was defined as a percent diameter stenosis of >50% either within the stented segment or within the 5 mm proximal or distal to the stent segment. The angiographic ISR patterns were classified as focal or diffuse according to Mehran's classification. 14 A hinge motion lesion was defined as having ≥16°difference in angle between diastole and systole before the procedure. 15 
Study End Point and Definitions
The study primary end point was the incidence of SF within 9 months after BES implantation. The secondary end point was the cumulative incidence of overall TLR, clinically driven TLR, and definite stent thrombosis ST within 9 months. A clinically driven TLR was defined as treatment for recurrent angina pectoris before scheduled follow-up angiography. Overall TLR was defined as clinically driven TLR and a >70% diameter stenosis on follow-up angiography in the presence of signs or symptoms of myocardial ischemia. The timing and diagnostic certainty of ST were assessed according to the Academic Research Consortium definition. 16 SF was defined as complete or partial separation of stent segments observed by using plain fluoroscopy without contrast injection, intravascular ultrasound (IVUS), or optical coherence tomography (OCT) at follow-up angiography. 6 The angiographic diagnosis of SF required an independent view and the agreement of 2 independent cardiologists (T.H. and T.M.). Angiographic SF was classified as follows: type 1 (partial separation), type 2 (complete separation without displacement), or type 3a and 3b (complete separation with displacement) (Figure 2 ). Diagnosis of SF by IVUS or OCT required careful review of the IVUS or OCT images and the agreement of 2 independent cardiologists (T.D. and M.H.). SF observed by indicates partial separation; type 2, complete separation without displacement; type 3a and 3b, complete separation with displacement.
using IVUS and OCT was classified as complete (complete separation of the stent into ≥2 pieces separated by image slices with no visible struts) or partial (the absence of struts over half or more of the stent circumference).
Statistical Analysis
Statistical analysis was performed using JMP version 10.0.2 and SAS version 9. Continuous variables were compared between groups using the Student's unpaired t test or the Mann-Whitney U test, based on the distribution. Multivariable logistic regression analysis was used for the lesion-based analysis of the risk factors for SF. The final model was constructed using the following 6 variables with P<0.05 in the univariate analysis: calcification, tortuosity, hinge motion, overlapping stents, right coronary artery, and total stent length (per 10-mm increase). To account for the clustered nature of lesion characteristics within patients, generalized estimating equations were used for unadjusted and multivariable analyses of lesion-level data. Cumulative incidence of overall TLR, clinically driven TLR, and ST within 9 months between lesions with SF and those without SF was estimated by using the KaplanMeier method. Because of the small number of events in the SF and non-SF groups, statistical comparisons were not conducted for the cumulative event rates. A 2-sided probability value of <0.05 was considered statistically significant.
Results
Coronary angiography was performed 192 days (IQR 183 to 223 days) after the index procedure. 
Clinical Characteristics
The baseline clinical characteristics of the SF and non-SF groups are shown in Table 1 . There were no significant differences between the 2 groups.
Angiographic and Procedural Characteristics and Results
The angiographic and procedural characteristics of and results for both groups are shown in Table 2 . Compared with the non-SF group, the SF group had considerably greater lesion complexity. While stent size was similar between the 2 groups, significant differences were seen in the total stent length, the number of stents per lesion, and the rate of stent overlap lesion (all P<0.001). Preprocedure minimal lumen diameter and lesion length were significantly smaller and longer in the SF group than in the non-SF group (P=0.04 and P<0.001, respectively). Postprocedure minimal lumen diameter and percent diameter stenosis were significantly smaller and higher in the SF group than in the non-SF group (P=0.002 and P<0.001, respectively). In SF lesions with hinge motion, the point of fracture was well accorded with the point of hinge motion. At follow-up, ISR and in-segment restenosis occurred more frequently in the SF group than in the non-SF group (P<0.001, respectively). In the SF group, 57.7% of SF sites were associated with ISR. The angiographic patterns of ISR were mostly focal (76.4%) in both groups. No coronary aneurysm formation was observed in the SF group.
Classification and Independent Predictors of Stent Fracture
Among 71 SFs, there were 69 (97.2%) angiographically visible SFs, in which 20 (28.2%) were type 1, 27 (38.0%) were type 2, and 22 (31.0%) was type 3. Two SFs (2.8%) were not angiographically visible and were detected only by using OCT. We defined them as angiographically "unclassified".
10 Figure 3 shows a representative case with type 3 SF. In this study, 31 (43.7%) SFs detected by using IVUS or OCT and performing a careful review of the angiogram. Of 31 SFs detected by using IVUS or OCT, 28 (90.3%) were complete and 3 (9.7%) were partial. The SFs were located in the mid-portion (67.6%), overlap portion (21.1%), proximal portion (8.4%), and distal portion (2.9%). Figure 4A and 4B show the classification of angiographic SF and the relationship between angiographic SF classification and clinically driven TLR and ST. The predictors of SF after BES implantation on multivariate logistic regression analysis are shown in Table 3 . Hinge motion (OR 8.90, 95% CI 3.84 to 20.6, P<0.001), tortuosity (OR 4.16, 95% CI 1.75 to 9.88, P=0.001), and overlapping stents (OR 2.41, 95% CI 0.95 to 6.10, P=0.06) were identified as predictors of SF after BES implantation.
Clinical Outcomes
Overall TLR and clinically driven TLR were performed in 18 and 7 lesions with SF and 39 and 14 lesions without SF, respectively.
Cumulative incidences of overall TLR and clinically driven TLR were numerically higher in the SF group than in the non-SF group (31.0% versus 2.9% and 12.0% versus 1.0%; Figure 5 and 6, respectively). ST occurred in 1 lesion with SF and in 7 lesions without SF. Cumulative incidence of ST tended to be higher in the SF group than in the non-SF group (1.7% versus 0.5%; Figure 7 ). All STs were definite STs. Only late ST was observed in the SF group, whereas 5 early ST and 2 late ST were observed in the non-SF group.
Discussion
The main findings of the present study are that (1) the incidence of SF after BES implantation was 4.1% of lesions, (2) SF appeared to be associated with clinically driven TLR, and (3) lesions with hinge motion, tortuosity, or overlapping stent were identified as predictors of SF.
The incidence of SF in the clinical setting has been reported to be 0.84% to 8.4% in first-generation DES. 6, 7 Of the newer-generation DES, we previously reported that SF after CoCr-EES implantation was observed in 2.9% of lesions and was associated with a higher rate of major cardiac events, mainly driven by higher TLR and ST. 10 The Nobori device consists of a stainless steel platform, a biodegradable polymer carrier (polylactic acid), and the antiproliferative drug Biolimus A9. The platform of Nobori is a 316L medical-grade stainless steel stent with a 2-link design to increase flexibility while maintaining satisfactory scaffolding. 17 Recently, the angiographic substudy of the NOBORI Biolimus-Eluting Versus XIENCE/PROMUS Everolimus-Eluting Stent Trial (NEXT) 12 showed that the SF rate after BES implantation was 3.1% of lesions and significantly higher than that after EES implantation. However, the number of patients in this study was relatively small, and there are no data regarding the incidence of SF after BES implantation in clinical practice. In the present study, the incidence of SF after BES implantation was 4.1% of lesions, which was higher than that of NEXT 12 and after CoCr-EES implantation in clinical practice. 10 Therefore, BES might be prone to be fractured compared with CoCr-EES. In the current study, lesions with hinge motion, tortuosity, or overlapping stents were predictors of SF after BES implantation. Hinge motion and tortuosity were reportedly common risk factors of SF between BES and CoCr-EES, 10 but the former contributed more significantly to the incidence of SF in both stents. Moreover, it is intriguing that the portion and pattern of SF differed between the BES and CoCr-EES. Compared with CoCr-EES, SF after BES implantation was more likely to occur in overlapping and multiple portions and to appear as a complete fracture. The stent platform of BES differs from that of EES in terms of the number of links (2 versus 3) and metal alloy (stainless steel versus cobalt chrome). Although the design of 2 links between peaks is more flexible than the design of 3 links between peak to valley, it may be prone to complete fracture if an SF occurs. Furthermore, an overlapping stent is reportedly a risk factor for SF after SES because it increases the axial stiffness of the stented segment. 7, 18 Although it remains unclear as to why an SF in a BES is likely to occur in the overlapping portion, it may be due to the design and material of the stent platform. An optimal stent design incorporates a balance of desirable characteristics; however, an improvement in one feature may adversely affect other attributes of the stent platform. For example, fewer connectors between hoops and thinner new metal alloys such as cobalt chromium and platinum chromium lead to higher flexibility, whereas these features adversely affect stent longitudinal integrity. 19 Indeed, the contributors of SF are not only flexibility but also longitudinal strength because repetitive cardiac contraction exposes the stent to compression, torsion, kinking, elongation, bending, and shear stress. These findings were supported by the presence of type 3b SF (Figure 2 ) in the current study. Moreover, similar SF pattern has been observed in CoCr-EES. 10 Therefore, even if a newer DES with increased flexibility is developed, a few SFs may be inevitable because it is made of metal. SF has been associated with a higher potential risk of ISR, TLR, and ST in the first-generation DES. 5 Although current DES clinical trials have shown noninferiority among newer- CoCr-EES implantation was associated with MACE within 9 months, mainly driven by clinically driven TLR. 10 Similarly, the present study showed a higher incidence of clinically driven TLR after BES implantation in the SF group compared with the non-SF group. These findings support that SF remains an unsolved issue even in newer-generation DES. On the other hand, there were some differences in the predictors of SF among BES and CoCr-EES. Therefore, it is important for clinicians to know the incidence, predictors, and clinical impact of SF for each newer-generation DES. Moreover, it is useful to learn the features of stent platform for appropriate use of current DES on the basis of lesion characteristics. If the target lesion is at a high risk of SF (ie, diffuse lesion with hinge motion and tortuosity), we should make efforts to not overlap stents at hinge points and to select stents with less tendency to fracture.
Study Limitations
There are several limitations in the present study. First, this study was a single-center study, and follow-up angiography was not performed in all patients. Therefore, selection bias may exist in the present study and may have biased the conclusion. Second, IVUS and OCT were not performed in all patients undergoing follow-up angiography. In addition, the detection of partial SF on angiography was limited because of its spatial resolution, regardless of high visibility on plain fluoroscopy of BES. Therefore, the present study may have underestimated the incidence of SF. Finally, the impact of SF after BES implantation on long-term clinical outcomes is not assessed in this study. Umeda et al 21 reported that SF after SES was not significantly associated with major adverse clinical events between 1 and 4 years after the index procedure. Further study is needed to assess whether SF after BES might influence long-term clinical outcomes.
Conclusions
SF after BES implantation occurs in 4.1% of lesions and appears to be associated with clinically driven TLR. Lesions with hinge motion, tortuosity, or overlapping stent are predictors of SF.
